ABSTRACT
INTRODUCTION
As shown in Figure 1 , sun-related outages in satellite communications are caused by the sun's apparent passage behind satellites as seen from the earth stations receiving communications from them (Siocos 1973) . This occurs around the vernal and autumnal equinoxes and lasts a few minutes daily over a period of a few days. The sun's energy interferes with the satellite's signal and affects the signals received by the earth station, which is referred to as sun transit, sun fade or solar/sun outage. The major effect of a sun outage is the increase of system noise temperature in the downlink direction of transmission (Garcia 1984 , Johannsen 1988 , Kivaria et al. 2011 , Guo et al. 2012 . The sun outage greatly affects transmission quality and limits system availability. Obviously, the ability of systems to operate through peak sun transit times is a function of the excess energy-per-bit to noise ratio (ΔE b /N 0 ) margin that was originally designed into the links (Song et al. 2010 , Wenjuan & Peng 2010 .
Several calculation tools exist in the public domain that can be used to predict the strength and/or duration of a solar outage between geostationary satellites and ground station locations (Sun Outage Calculator 2013; Telesat Sun Outage Calculator 2013) . Using stronger channel encoding the earth station receiver can set up a high enough ΔE b /N 0 margin to keep the communication link going during the predicted sun outage. Several tools are missing important input parameters, which adversely affects the quality of the sun outage prediction. The calculator presented in this paper has several key inputs available, such as the solar fl ux, which enables more effi cient calculation of sun outage duration and strength.
EFFECTIVE NOISE TEMPERATURE OF THE SUN
The sun's electromagnetic radiation at centimeter wavelengths is randomly polarized (Lyon & Mohammed 1998) . Earth stations use a single polarization, commonly linear or circular, and receive only half of the incident radiation in the frequency band of use due to the blocking of the orthogonal polarization. The perceived solar brightness temperature is reduced by 3 dB as a result (Lyon & Mohammed 1998) . The elevation in effective noise temperature as a result of the sun outage is equal to the weighted average of the sun's optical disc integrated over the received radiation pattern, multiplied by the polarization factor (p). The receiver antenna noise temperature (T a ) can be computed with the assumption that the sun is a disk of 0.5° diameter. The brightness temperature (T S ) at the receiver carrier frequency is assumed constant over the entire surface of the sun (Vuong & Forsey 1983 
where θ * and φ * are two of the three spherical coordinates expressed in radians integrated over the sun's solid angle; θ * 0 is the antenna pointing offset (the angle between the center of the sun to the boresight direction of an antenna); and f (θ * ) is the antenna's gain pattern expressed as a power ratio. This can be estimated from the following Gaussian model 
where G is the antenna's maximum gain 2 2 109.66
and k, D, F, and θ * are, respectively, the antenna effi ciency, antenna aperture diameter in meters, receive carrier frequency in GHz, and the off-axis angle from the antenna boresight axis (Vuong & Forsey 1983) .
ESTIMATING SOLAR FLUX FROM OBSERVATIONS AT 2800 MHZ Spectral shapes and magnitudes of the solar noise profi le vary strongly with time and frequency (NGDC 2013) . Typically, the solar fl ux density (F10.7) is measured at a wavelength of 10.7 centimeters (a frequency of 2800 MHz), because the F10.7 is a good measure of general solar activity (Ho et al. 2008; Cakaj et al. 2005 ). This radio emission comes from the high part of the chromosphere and the low part of the corona (Ho et al. 2008 , Bruevich et al. 2014 Figure 2 are from Sagamore Hill (Massachusetts) and Dominion Radio Astrophysical Observatories (NGDC 2013) . These data series have not been quality controlled and no monthly means are provided (NGDC 2013) . Figure 2 illustrates the high level of interconnection between SFU values at frequencies 4995 MHz, 8800 MHz and 15400 MHz versus 2800 MHz (F10.7). There are two types of solar fl ux variations in Figure 2 : long-term and short-term. The long-term variations include annual and 11-year solar cycle variations (Ho et al. 2008) , while short-term variations usually refer to changes that take place within days. Figure 2 shows that the solar fl ux at 2800 MHz can change by a factor of 5.7 (from 65 SFU to 370 SFU) within two solar cycles.
Regression ) value for the fi tted regression will not give any signifi cant enhancement with the addition of higher polynomial terms (see Table 1 , last column). A method sometimes used for estimating solar fl ux from observations at 2800 MHz uses a formula proposed by Tapping (1994) (Mcgrath 2002 ). Tapping's formula does not seem to be a good method of estimating daily solar fl ux at a frequency of interest from the day's 2800 MHz observations due to the value of R 2 (0.5856; see Table 1 
where c is speed of light (in vacuum 299.792.458 m/s), k = 1.38 × 10 -23 J K -1 is Boltzmann's constant, and Ω s = 6 × 10 -5 steradians is the mean solid angle subtended by the sun (Ho et al. 2008) . Equation 5 is known as the Raleigh-Jeans law, which holds all the way through the radio frequencies for any reasonable temperature. The solar brightness temperature (T S ) follows the eleven-year sunspot cycle at radio frequencies (see Figure 2) ; therefore, receiver antenna noise temperature (T a ) in Equation 1 is also periodic. The ΔE b /N 0 -degradation in dB at the receiver input can then be computed from the following (Vuong & Forsey 1983): 10 log
where T sys is the equivalent system noise temperature at the receiver input in the absence of a sun outage. T sys includes the equivalent noise temperature of uplink noise, noise generated in the transponder, intermodulation and interference noise, downlink noise, and noise generated by the earth station's receiver, all of which are referred to the receiver input. The energy-per-bit to noise ratio degradation is calculated from Equation 1-6 (Figure 4 ). The ΔE b /N 0 degradation increases with increases in antenna aperture diameter (increasing antenna gain from Equation 3), as shown in Figure 4 . The sun is totally within the beam when the antenna's beam width is greater than the solar disk angular diameter ( Figure 5 ). When the antenna aperture diameter is larger than 9 m and 15 m for the Ku-band and the C-band, respectively, the beam width is less than the solar disk angular diameter ( Figure 5 ). The portion of the sun's surface covered by the antenna beam starts to decrease, but the higher antenna gain of the large antenna compensates for the effect of the decreasing collecting surface area (Equation 1). Therefore, At the equinoxes, the solar motion is 0.4 degrees per day in declination, and thus even with an infi nitely small antenna beam, the sun will still be in the beam for at least one day per equinox (Figure 6 ). The receiver antenna noise temperature caused by the sun greatly depends on antenna pointing offsets, the daily variations of which are shown in Figure 6 . The ΔE b /N 0 degradation is shown in Figure 7 as a function of antenna pointing offsets in degrees. When the antenna beam points off the solar disk, ΔE b /N 0 degradation is reduced. The C-band receiver will have longer sun outage durations during the sun's transit than the Ku-band receiver ( Figure  7 ). This can be explained by the narrower beam width of the Ku-band antenna. Clearly, the ability of these systems to operate through peak sun outage times is a function of the excess ΔE b /N 0 margin that was originally designed into the links. To ensure continuity during times of sun outage, some additional margin SUN OUTAGE DURATION The beam width of the receiving ground antenna, the solar fl ux density, and the margin in ΔE b /N 0 are the primary factors determining the duration of the sun outage and determine whether the receiver will experience a total communication outage or only a tolerable degradation in connection quality (Vankka 2013) . The gain of the receiver antenna drops rapidly after the beam width angle approaches 3-dB, but does not go down to zero immediately. For this reason, if the sun is close to the receiver's 3-dB line it will affect the noise experienced by the receiver and degrade the communication link ( Figure   FIGURE 6 . Transit of the sun through an antenna beam on successive days around the time of the equinox 
where Frequency is the downlink frequency in GHz, Diameter is the receiver parabolic refl ector or dish antenna diameter in meters, and BW is the antenna beam width in decibels. If the ΔE b /N 0 margin is low and the solar fl ux density is high, then the beam width should be larger than 3 dB in Equation 7.
SUN OUTAGE CALCULATOR OVERVIEW
Generality was the main goal behind the design of the calculator in this work. It makes as few assumptions as possible, and includes all important input parameters (see Figure 9 ), such as: As an output, it gives the start and end times (in universal coordinated time (UTC) and a user-defi ned local time) and durations with their respective ΔE b /N 0 degradations (Vankka 2013) .
PROGRAM STRUCTURE
The sun outage calculator was written using the Java programming language, mainly due to its fl exibility, ease, and extensive available libraries. The program consists of two different languages (Java and JavaScript) and their interface (Rhino) (Figure 10) , and is structurally built from (Vankka 2013): 1. the main controlling program, written in Java; 2. three independent JavaScript function libraries for the main program; 3. NASA's JAT Java libraries; and 4. Rhino as an interface between Java and JavaScript.
The interface presented in Figure 9 was designed for simplicity and ease of use. The user fi lls in all the required data for the used satellite and the two receiver stations, and the output is printed to the large text box at the bottomleft. The user interface is based on a simple HTML-based script, while the actual calculations are performed using JavaScript. The strength of sun outage is calculated from Equation 1-6 (see sun outage strength calculation block in Figure 10 ). The calculation of the angle between the position of a satellite and the current position of the sun (see Figure 10) , and sun outage duration were performed using the Java Astrodynamics Toolkit (JAT) provided by NASA's Goddard Space Flight Center (see sun angular position and outage duration calculation blocks in Figure 10 ). The JAT library and its necessary functions are invoked from the JavaScript. 
MEASUREMENT ARRANGEMENTS
The predicted results given by the developed program were compared to measured ones during sun outages at two ground stations ( Figure 11 ): Afghanistan (with an antenna diameter of 1.8 m, Table 2 ), Finland (with an antenna diameter of 3.8 m, Table 3 and Table 4 ) and Djibouti (with an antenna diameter of 1.8 m, Table 5 ). Table 2 shows the sun outage strength and duration results measured in Afghanistan and those predicted by the program. Table 3 , in turn, shows the same two batches of results for Finland (Vankka 2009 ). Ping tests (sending a package regularly to the target and back) were used to measure the actual duration of the outage. Table 4 and Table 5 show the sun outage strength and duration results measured in Finland and Djibouti for a C-band with an antenna diameter of 3.8 m and 1.8 m, respectively. The measurement arrangements are similar to those in Figure 11 , but the satellite was the 4.98°W Atlantic Bird 3.
The Afghanistan end had an adequate ΔE b /N 0 margin (6.7 dB), using more signal coding and a higher satellite direction gain, and so an approximately 5.5 dB sun outage noise hike did not disrupt the ping test (Table 2 ). The predicted sun outage in Table 2 differs somewhat, mainly due to the fact that the receiver noise temperature T sys is diffi cult to measure, as it is dependent on not only on the receiver electronics, but also on the temperature seen by the antenna beam. The duration of the sun outage was predicted using a 3-dB outage angle (see Figure 8) . The predicted sun outage at the Finnish ground station (Table 3) is stronger (though shorter in duration) than the one in Afghanistan (Table 2 ) due to the larger antenna diameter employed at the station. The measured ΔE b /N 0 dropped to zero (the last column in Table 3 ), so no results were obtained of the actual strength of the sun outage. The ΔE b /N 0 margins shown in Table 3 were not adequate to keep the connection going with the powerful outage that hit the beam of the antenna. The duration of the sun outage was predicted using two different outage angles (see Figure 8) , 3 dB and 12.3 dB. The predicted outage durations in Table 3 were shorter than those measured using ping tests, which can be explained by the time taken for the modem to recover and the connection to be reestablished. The outage angle (12.3 dB) ( Table 3 , column 4) is calculated from the maximum predicted ΔE b /N 0 minus the ΔE b /N 0 margin (Table 3 , column 6); this process has better predictive value for sun outage duration than does the outage angle (3 dB). In addition, the outage occurring at 10/12/2010 couldn't be predicted with a 3-dB outage angle (see Table 3 ), as the ΔE b /N 0 margin was relatively low and even a disruption source that was far away from the center point of the antenna's beam was able to break the connection.
C-BAND RECEIVER
The C-band receiver (Table 4) will have longer sun outage durations than the K u -band receiver (Table 3) , which can be explained by the narrower beam width of the Ku-band antenna (the antenna diameter of 3.8 meters, Table 3 and Table  4 ). The ΔE b /N 0 measured dropped to zero (the last column in Table 4 ), so no results were obtained for the actual strength of the sun outage. The outage angle (2.9 dB) (Table 4, column 3) is calculated from maximum predicted ΔE b /N 0 minus ΔE b /N 0 margin (Table 4 , column 6), which more accurately predicts sun outage durations (ping tests) than does the outage angle (12 dB). Inaccuracies in antenna pointing and errors in the knowledge of the exact solar fl ux value could explain that the outage occurring on 2/27/2011 had a shorter measured outage period than that occurring on 3/1/2011, even though it had a more powerful predicted outage strength. The sun outage at the Finnish ground station (Table 4 ) is stronger (though shorter in duration) than the one at the Djibouti station (Table 5) (Table 5 , column 6), which in turn more accurately predicts sun outage durations than does the outage angle (12 dB).
CONCLUSION
The effect of the downlink frequency (C-band and K u -band), receiver antenna aperture diameter, and antenna pointing offsets on the duration and strength of disruptions of satellite communications due to sun outages were investigated by simulations and measurements. The sun outage is stronger (though shorter in duration) as the antenna aperture diameter and downlink frequency increase (increasing antenna gain).
Several calculation tools exist in the public domain that can be used to predict the strength and time parameters of a solar outage between geostationary satellites and ground station locations. These tools make various assumptions that adversely affect the quality of the sun outage prediction. An example of such an assumption is their use of a fi xed 3 dB outage angle, giving predictions with incorrect duration times or missing outages completely (see Table 3 ). The sun outage calculator presented in this paper has several key inputs available, such as the solar fl ux and the outage angle, which enables more effi cient calculation of sun outage strength and duration times.
